Certain mycelia of the ascomycete Nectria haematococca show two morphological differentiated states, rings and sectors, which are cytoplasmically transmissible. Two nuclear loci A and S, appear to be involved in the control of these differentiated states. Mutations in the A region either prevent ring formation and the synthesis of the corresponding infectious factor (type a) or modify ring expression (type 58). Using forced heterokaryons, it was demonstrated that locus A corresponds to a single gene which exists in three allelic forms, wild-type, a and 58.
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areas in which hyphal elongation is reduced. Once initiated, they progressively invade the margin of the culture at a rate that determines their shape -20 times the rate of normal hyphal extension for ring differentiation and twice the rate for sector differentiation. These differentiated states can also be transmitted tojuvenile mycelia by inoculations performed with large inocula (2 x 2 mm blocks) taken from rings or sectors of suitable age and placed alongside the growing margin of a young mycelium (Laville, 1967) .
The four strains al, a3, m1.58 and 58 differentiate sectors like the wild-type, but are affected in ring development. The first three cannot produce a ring, either spontaneously or after infection. This absence of expression apparently results from the lack of synthesis of the corresponding infectious factor (DaboussiBareyre et al., 1979) . Mutant 58 never forms a ring, but experimental inoculation has demonstrated that the infectious ring factor is multiplied throughout the mycelium. Unlike the wild-type, in which ring factor synthesis occurs only in the margin and greatly depresses growth, this synthesis occurs throughout the mycelium of mutant 58 and is accompanied by the diffusion of a red pigment (Daboussi-Bareyre, 1977) . Because of these features, we consider this mutant to be modified for ring differentiation. Each of these four strains carries a mutation affecting the same region of the genome, locus A . Mutants a1 and 58 are monogenic, strain ml .58 bears two undissociable mutations in locus A and strain a3 may include another mutation outside locus A (Daboussi-Bareyre et al., 1979) . Mutant 789 forms rings like the wild-type, but never has sectors. The infectious sector factor, however, can exist throughout the mycelium and its synthesis is followed by a red pigmentation. Genetic analysis has shown that this mutation is .monogenic and, involves a locus (locus S ) which is independent of loczcs A (Daboussi-Bareyre et al., 1979) .
Media. Two complete media were used, potato dextrose (PDA) and 2 % (w/v) Moser malt extract (ME), both containing 2 % (w/v) agar. The minimal medium (MM) used was as follows: MgS04.7H20, 0.5 g; NaN03, 2 g; KCl, 0.5 g; FeSO,. 7Hz0, 0.01 g; glucose, 20 g ; agar, 20 g; distilled water, 1 I. This medium was supplemented with the appropriate compounds for growth of auxotrophic strains.
Production of auxotrophic mutants. Auxotrophs were induced by nitrosoguanidine treatment (NG) or ultraviolet irradiation (u.v.) as previously described (Daboussi-Bareyre el a!., 1979). Auxotrophic mutants were selected according to the 'total isolation' technique of Fincham & Day (1963) . Treated spores were diluted and plated on ME. After 24 to 48 h incubation, small fragments were taken from each colony under a dissecting microscope and transferred to ME and MM. Clones unable to grow on MM were retained and their auxotrophy was characterized according to the method of Holliday (1 956). These nutritional requirements were confirmed by supplementing MM with single compounds. Only stable mutants unable to grow on supplemented MM were retained (Table 1) . Attempts to increase the poor yield of auxotrophs using enrichment techniques like selection with nystatin (Macdonald, 1968) and biotin starvation (Macdonald & Pontecorvo, 1953) were unsuccessful.
Heterokaryon formation. Auxotrophic mutants were paired on a cellophane membrane by placing together two cotton threads previously dipped in homogenates of each strain. After 48 h growth on ME, the membrane was transferred to MM. In certain combinations, mycelial growth was observed at the junction of the Control of two diflerentiated states in Nectria 427 two Partners (Fig. 1 ). Large inocula (2 x 2 mm) from this mycelium grew quite well on MM. The formation of prototrophic mycelium did not result from nutritional complementation, since when contact between the two strains bas prevented by interposing a cellophane strip there was no growth on MM; this probably required a more intimate association, such as heterokaryosis. AnaZysis of prototrophic mycelia. The prototrophic mycelium arising directly from the pairing or from transfer to MM was gently ground and thoroughly rinsed with distilled water on a sintered glass filter (20 to 40 p m porosity) to eliminate conidia. Apical or intercalary hyphal fragments containing no more than four cells were isolated and transferred to different media. Some were transferred to MM to determine the frequency of prototrophic fragments and others were plated on ME to estimate the proportions of the two auxotrophic partners. Three phenotypes could be observed on ME: two types of thalli with fairly smooth mycelia, corresponding to the original homokaryons, which could be distinguished by other criteria (Cf. Table 2 ), and mycelia with a wild-type-like aerial growth, suggesting that the initial fragment contained both types of nuclei. The different nuclear types present in the prototrophic cultures arising from isolated fragments were dissociated and analysed by sampling microconidia.
RESULTS

Analysis of gene interactions in heterokaryons
Genetic analyses have shown that among the 14 strains with abnormal ring differentiation, the 10 analysed have a mutation in the same chromosomal region, shorter than the length of one recombination unit, which was called locus A (Daboussi- Bareyre et al., 1979) . To determine whether these mutations affected one gene or two adjacent genes, a functional complementation test was performed by creating forced heterokaryons. Because of difficulties encountered in obtaining stable heterokaryons, only six strains were studied by heterokaryosis: the wild-type, one sector mutant and four ring mutants. The combinations involved wild-type and mutant alleles for the determination of dominance relationships ; they involved two mutants for allelism tests.
Heterokaryon formation
Heterokaryosis is not spontaneously established in Nectria haematococca and heterokaryons had to be forced on minimal medium using two strains carrying non-allelic auxotrophic mutations (Pontecorvo, 1953; Parmeter et al., 1963; Caten & Jinks, 1966) . Nutritional deficiencies were induced using NG or U.V. treatment but it was difficult to recover auxotrophic mutants because of the absence of efficient screening techniques, and the yield was consequently very low, 0.1 % ( Table 1) . The mutants were paired as shown in Fig. 1 and it could be seen that certain combinations of mutants with different metabolic requirements did not necessarily lead to a prototrophic mycelium. Only combinations involving some arginine auxotrophs and one lysine-requiring mutant gave rise to a mycelium which grew well on MM. Properties of associated strains. To prevent ambiguous determination of the interactions among genes controlling differentiation, several strains were created by crossing. They all carried the same auxotrophic markers and thus differed only in the genes being studied (Table 2) . Five auxotrophic markers were chosen: one lysine-requirer (lys255) and four arginine-requirers (argl3, arg154, argl31 and arg404). These markers did not change the differentiation of the strains (Table 2 ) but the mycelia of double mutants were smoother than those of the corresponding single prototrophic mutants and their differentiated states appeared with a lower frequency and were less stable.
Associations. Three types of associations were performed. The first involved no interaction between the genes controlling the differentiated states, + / +, a1 /a1 and 58/58, and enabled us to study the influence of the combination of two mutants differing only in their auxotrophy on the appearance, propagation and maintenance of the differentiated states. The second type included associations in which the wild-type and mutant alleles of a given locus were combined: a l / + , a3/+ and 58/+ for locus A and 789/+ for locus S. The third type involved combinations between mutations affecting either the same locus, such as a1/58, a3/58, m l ,58/58, al/a3 and ml ,58/al, or different loci, such as 58 +/ + 789 and a1 +/+789. For all these associations, the presence of a prototrophic mycelium could be seen at the junction line of the two strains. In four cases, 58/+ , 789/+, 58 + / + 789 and a l / + 789, two types of reaction were observed at the contact zone and these could be correlated with the levels of activity of genes 58 and 789. When strains 58 or 789 were paired before the synthesis of ring or sector factors, complementation was shown by the appearance of a mycelium composed of juvenile cells which grew rapidly on MM. But when the production of the infectious factor by strains 58 or 789 had begun before their association in heterokaryosis, each strain induced ring or sector differentiation in its partner (Bareyre & LaillierRousseau, 1972) . This transformation was expressed by the accumulation of a mycelium at the junction line as a swelling, which could not grow on MM.
Analysis of heterokaryotic mycelia. Fragments able to grow on MM were found in most of the pairings analysed, and in all the associations cells combining the properties of both parents could be isolated on complete medium ( Table 3 ). The proportion of heterokaryotic cells was of the order of 1 % or lo%, depending on whether testing was done with transfers to MM or ME, respectively. A reasonable interpretation of this difference is that the unequal proportion of the two nuclear types may result in the rapid isolation of homokaryons which stop growing on MM, whereas multiplication of the minor nuclear population is possible 
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Combination which could also show a swelling at the point of junction.
7 Highly labile heterokaryon. 70 to 80% of the growth of a wild-type prototrophic mycelium. a ring but not a sector; *, mycelia which have the infectious factor of the modified differentiation. on ME, thus assuring a readjustment of the nuclear balance and allowing complementation. The same influence of culture medium on the proportion of the two cell types has been observed previously, particularly in Fusarium oxysporum (Tuveson & Garber, 1961 ; Sanchez et al., 1976) .
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Phase contrast microscopic observation of the prototrophic mycelium (Fig. 2) revealed the presence of cells containing 2 to 10 nuclei, thus favouring heterokaryosis. We also observed rows of uninucleate cells, suggesting that the heterokaryotic association can be disrupted and thus be limited to a few cells. The very low proportion of heterokaryotic cells in a prototrophic mycelium (about 1 yo) did not prevent its stability. This is particularly true for mycelia arising from the combinations 58/58, + /58 and a1 + / + 789. Their stability was shown by good growth on MM and, in the absence of selection pressure, by the stability of prototrophy at each transfer on ME. The presence of both homokaryons in similar proportions is an important factor for stability; a low proportion of one of the nuclear types leads to instability (al/a3). However, the stability of the heterokaryotic mycelia appears to be controlled by factors other than the nuclear balance, since certain associations, e.g. a3/+, m l .58/58 and ml .58/al, show an approximately equal distribution of nuclei from the two parents and exhibit slow and irregular growth on MM. As has been shown in other organisms (Caten & Jinks, 1966) , there are genes which probably control heterokaryon stability in Nectria also. All the strains used for these pairings originated from the same wildtype strain, but could have accumulated differences, either spontaneously or after mutagenesis, thus causing an instability of the associations.
Control of two diflerentiated states in Nectria 43 1
Study of the heterokaryons The heterokaryotic mycelia were first examined for their pigmentation and texture and their ability to express the two differentiated states, either spontaneously or after experimental inoculation (Table 3) .
Does a low proportion of heterokaryotic cells aflect the expression of the diflerentiatedstates ?
In type I combinations, both parental strains differ only by non-allelic auxotrophic mutations. The heterokaryon argl54( +)/lys255( +) has the same phenotype as the wild-type except that the ring is not very stable, as in the parental auxotrophic mutants. In the heterokaryon argl54(al)/lys255(al) the juvenile morphology is the same as in the wild-type. Sector differentiation is expressed normally, but rings are never formed, either spontaneously or after experimental inoculation, as in mutant a1 . Finally, the prototrophic mycelium arising from the combination argl54(58)/1ys255(58) is red-pigmented, exhibits only the sector, but propagates the infectious ring factor, like strain 58.
Thus, the nutritional complementation occurring between deficient strains leads to mycelia exhibiting differentiated states similar to those of the original prototrophic strains, except for maintenance of the ring. Lateral propagation of the differentiated states, from cell to cell by anastomosis, is not affected. This suggests that numerous exchanges occur among the three cell types composing the heterokaryotic mycelium. The low number of heterokaryotic cells present in a mosaic prototrophic mycelium should not constitute a major difficulty for the study of intergenic interactions in heterokaryons.
Dominance test. Before testing the allelism of the mutated genes involved in type I11 associations, it was necessary to show that they were not dominant over their wild-type allele(s). Type I1 heterokaryons combine wild-type alleles and those altered by the mutations a l , a3,58 and 789. The mycelia formed from the pairings al/+ ,58/ + and 789/+ are highly stable and have a wild-type appearance. The irregular growth of the heterokaryotic mycelium arising from the pairinga3/+ does not prevent the expression of the two differentiated states, but they are transitory.
The fact that wild-type/mutant heterokaryons have the wild-type phenotype has several implications. (i) The lost capacity to differentiate rings due to mutations a1 and a3 is compensated by the presence of the corresponding function in wild-type nuclei. Genes a1 and a3 are thus recessive to their wild-type alleles. (ii) In spite of the preponderance of lys255(58) nuclei, the activity of gene 58 is not expressed in the heterokaryon argl54( +)/ lys255(58). In a culture derived from a single spore of prototrophic strain 58, the infectious ring factor appears during the third day throughout the mycelium, and the entire culture then becomes red. These features do not appear in a + / 5 8 heterokaryon. The presence of 58 nuclei is shown by the high frequency of spontaneous rings, which may reach 0.8 in the heterokaryon, compared with 0.2 in the prototrophic wild-type strain. The onset of gene 58 activity is repressed in old cells by the presence of the wild-type allele, which is thus dorninant. This repression occurs slightly or not at all in cells of the growing margin, resulting in a high frequency of ring formation. (iii) Similar conclusions could be drawn for the heterokaryon + /789 : the wild-type allele is dominant over the 789 allele.
Thus, the genes affected by mutations a l , a3 and 58 (locus A ) and by mutation 789 (locus S ) are recessive to their wild-type alleles. This enables us to perform functional complementation tests.
Allelism test. The existence of complementation indicates that distinct genes are affected by the mutations and a lack of complementation shows that the mutations involve the same gene.
Complementation : type IIIa associations (58 + / + 789 and a1 + / + 789) gave rise to highly stable heterokaryotic mycelia which exhibited rings and sectors (Table 3) . Complementation occurred in both loci A and S, known to be independent by genetic analysis (Daboussi-Bareyre et al., 1979) : each nucleus supplies the function missing in the other. Absence of complementation : in type IIIb pairings, involving locus A mutations, mycelia with the properties of the wild-type strain were not observed. Nutritional complementation was not accompanied by complementation between genes affecting ring expression ; two different phenotypes were obtained.
Combining the gene modifying ring expression (58) with genes leading to the absence of ring (al, a3, ml.58) gave a heterokaryon with the properties of mutant 58; it was redpigmented and multiplied the infectious ring factor. This phenotype did not result from a higher number of nuclei bearing the 58 allele ( Table 3) . The latter thus appears fully active in a mixed cytoplasm containing a l , a3 or ml.58 alleles, as well as in a 58 homokaryon. Unlike the wild-type allele, al, a3 and ml .58 do not inhibit the activity of 58.
Combinations of two mutations, each of them leading to the lack of ring expression, e.g. al/a3 and ml .58/al, were unstable (Table 3) . It is thus difficult to state if the inability of the heterokaryotic mycelium to express a ring results from a non-complementation between the two mutated genes.
DISCUSSION
The experiments described indicate that heterokaryosis is possible in Nectria haematococca after pairing certain auxotrophic strains. The difficulty of obtaining mycelia with certain combinations suggests that heterokaryon formation is controlled by an incompatibility mechanism. The varying degrees of incompatibility could be due to these systems acting at an early stage during anastomosis (Carr & Olive, 1959) or later by determining instability or lethality (Wilson et al., 1961 ; Bernet, 1965) . In some pairings, although a heterokaryotic mycelium is formed, relatively few cells (1 to 10%) are heterokaryotic, probably due to a large number of uninucleate mycelial cells.
Forced heterokaryons are not equally stable on MM. Various degrees of instability could result from a considerable excess of one or the other of the two nuclear types, as well as from other unidentified genetic factors. The formation of stable heterokaryons enabled functional complementation tests to be carried out.
The following conclusions could be drawn from this study:
(i) The alleles mutated at locus A (58, a1 and a3) and at locus S (789) are recessive.
(ii) Heterokaryons formed from pairings involving mutated alleles of loci A and Shave phenotypes similar to the wild-type : complementation occurs satisfactorily between independent A and S loci.
(iii) The heterokaryotic mycelia obtained in combinations of different mutations in locus A (58, al, a3, ml.58) do not exhibit wild-type properties. The instability of certain of these heterokaryons is such that we cannot test for complementation. Nevertheless, the analysis of the properties of the stable combination of alleles 58 and a1 of locus A leads to unambiguous conclusions ; the heterokaryon shows the properties of mutant 58. There are two interpretations of this result; either (a) both mutations affect the same gene and allele 58 is dominant over allele a1 or (b) locus A is composed of two adjacent cistrons and corresponds to a bigenic transcription unit. Mutation al, localized in the gene first transcribed, would prevent the transcription of the adjacent gene, thus having a polar effect. This situation exists in the double mutant ml.58. In the cis position, mutation a prevents the synthesis of the infectious factor, whereas in the trans position, as in the heterokaryon 58/al, this inhibition does not occur. Although the second possibility (b) cannot'be ruled out, the simplest hypothesis will be considered in future research, namely that there is only one gene at locus A which can be represented in three allelic forms: wild-type, type a1 and type 58.
(iv) The activation of alleles 58 and 789 is prevented when the nuclei containing them are combined with nuclei containing wild-type alleles at loci A and S in cells more than 24 h-old and still undifferentiated. Therefore, the activity of wild-type alleles can repress the onset of the activity of the mutated alleles.
